Due to the fact, brought out in a previous paper (1927), that the relation of fiber diameter to conduction rate is one of direct proportionality, the configurat;on of the action potential started by local stimulation of all of the fibers of a nerve depends upon the fiber-size pattern of the nerve and the distance of conduction. The action potential in the sciatic nerve of the frog (Rana pipients and Rana catesbianaj on this account consists, provided the distance of conduction be sufficiently long, of three distinct waves corresponding with three more or less distinct groups of fibers in respect to diameter. For the sake of convenience the waves in this action potential were designated alpha, beta and gamma in the order of their appearance in the compound potential. At times an indistinct fourth, or delta, wave is seen. Waves are also seen in the action potential of the saphenous nerve of the dog, and these likewise were given the noncommittal designations of alpha, beta, etc., in the order of their conduction rates. Recent observations, however, have shown that the first wave in the saphenous nerve is not homologous with the first wave in the sciatic, but rather with the second. The observations pointing to this conclusion and the light they throw on the question of a possible relation of the fiber grouping to function form the subject of this brief communication.
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from the site of stimulation, through the amplifier into the cathode ray oscillograph according to the technique described elsewhere (1922) (1924) .
The records obtained in such experiments show clearly ( fig. 1 , A and B) that the front of the action potential in the muscle nerve arrives at its lead The same weak stimulus in A and B, and strong stimulus in C and D. Relative heights inconsequential.
Conductingdistance7cm. e = exposedescape; h = covered escape (assumed form). S = start of action potential. 0 = base line.
A faint pencil line has been drawn through the deflection in B, C and D. X = 81 mm., 3000"', T = 37".
The time for all is indicated in v in D. Natural size.
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JOSEPH ERLANGER a bit earlier than the front of the action potential in the saphenous. The calculated conduction rates of the wave fronts in the case of figure 1 are 92 and ences in 84 m.p.s. in muscle and saphenous nerves, respectively conduction rate of this order of magnitude are invariably '. Differobtained, though the absolute conduction rates may vary considerably depending upon circumstances.
The rates in this particular case were somewhat above those usually obtained.
The records, A. and B, figure 1, reproduced to show the differences in conduction rate, were elicited by a relatively weak stimulus.
In order to obtain from this preparation complete action potentials it is necessary, owing, in part, to the low irritability of the slowest conducting fibers and, in part, to the thickness of the femoral trunk, to use very strong shocks, and these have the drawback of producing prominent escapes. When long nerves away before are the available this matters but action potential records; bu little for .t in these the escape then dies experiments, in order to obtain exactly comparable records, it branches be equal in length.
The length was necessary that the two of the preparation was deterthe two branches, and mined, therefore, by the shorter of dogs were the largest obtainable, ceeded 8 cm.
The best pair the distance of cond eventhough uction never the exof action potentials elicited from the femoral-musclesaphenous nerve preparation by sufficiently strong out all of the main waves are reproduced as C and stimulation D in figure on a prominent escape, e, the form of Nevertheless, to bring 1. The action which potentials under the here are recorded action potential can only be surmised. we have drawn into each record in exactly the same form, amplitude and position, a curve, h, which, experience indicates, probably comes very close to reproducing the unmodified form of the escape. It is this curve, presumably, that forms the base line of these two action potentials. undeflected course of the spot of light (that is to say, the base line record as a whole) is indicated by the faint dotted horizontal line, b.
The of the
In these records may be seen all of the significant differences between the action potentials of these two branches.
The faster propagation of the front of the action potential in the muscle nerve, C, is clearly indicated by its earlier position in the escape. In the sector m .arked Y record D is less concave upwards and further removed from the curve h I than is C.
And, finally, record D has at 6 a low but distinct wave which does not appear in C. To elicit this last wave it was necessary to use the very strong stimuli to which reference has just been made.
In another place (1927) it has been shown that one can obtain, by means of a reconstruction based upon the fiber-size pattern of a nerve, the approximate form of the action potential at any distance from the site of stimulation. For this purpose it is necessary in any particular case to ascertain only the diameters of a relatively large number of the fibers and the conduction rate in one (the largest, that is, the most quickly conducting) of the fibers of known diameter. The construction utilizes the assumptions, which probably are not far from tlhe truth, I, that the time constants of all of the axon action potent$ials of a nerve are alike, the rising and falling phases in warm-blooded nerve under normal conditions being 0.2 and 0.40, respectively, in frog's nerve 0.3 and 0.6~; 2, that the rate of propagation of the axon a)ction potential varies directly as the fiber diameter, and 3, that the potentials of all the fibers are alike in amplitude but affect the recording instrument in proportion to their cross areas, that is to say, inversely ,as their electrical resistances. Figure 2 shows the fiber-size patterns of a muscle branch, M, and of the saphenous branch, S, of a femoral nerve of the dog made in the manner previously described (1927) . In the case of the saphenous nerve the diameters of the smallest group of myelinated fibers, from about 6 to 5~ down, were not measured because they were not clearly enough defined to permit of accurate measurement; instead they were merely counted and arbitrarily set in the graph in the form of a symmetrical mound between the smallest fibers actually measured, 5 to 6~, and the roughly estimated size of the smallest fibers counted, about 2~. Unmyelinated fibers could not be recognized as such, though masses of them undoubtedly were present.
In figure 3 are shown the action potentials of the muscle nerve, M, and of the saphenous nerve, S, reconstructed according to the scheme above indicated.
The conduction rate in the fastest fiber, in other words, the 648 JOSEPH ERLANGER largest fiber, which, in the part of the nerve examined had a diameter of 17r-1, has been taken as 92 m.p.s., and the distance of conduction as 7 cm. The reconstructed action potentials, therefore, are comparable with those in figure 1 .
The resemblance of the reconstructed to the actual action potentials is quite obvious.
In the case of the muscle nerve both consist essentially of a single large wave which travels faster than the front of the saphenous wave.
The reconstructled potential possibly gives indistinct evidence of a second wave beginnin .g at about 1.0~. Were tJhere a comparable wave in the record it would be small beyond recognit ion; fo ri n the reconstruction it rises above the level to which the curve would fall, were it without this slight elevation, only a very small fra&ion (I/30 at most) of the height of t'he main wave. The long tail on the reconstructed curve, if present in the record, likewise would be low beyond recognition. The only real difference is in the duration of the rising phase of the main wave, which is longer by 0.1~ in the reconstruction than in the record. It is convenient, at this point, to refer to certain factors which might have the effect of masking super-imposability of record upon reconstruction.
In the first place, the start of the recorded action potential, on account of its gradualness, is the feature that is the most difficult to locate accurately; and this difficulty is increased when, as in case of records C and D, the escape extends under the action potential. On this account the times to maximum here employed are those obtained from records 1 and 2 where the difficulty due to the escape is practically absent. The crest of the main wave, on the other hand, is the feature that can be most accurately ACTION   POTENTIALS  IN CUTANEOUS  AND  MUSCLE  NERVES   649 located. Therefore, in superimposing the records upon the reconstructed action potentials in figure 3 the main crests have been made to coincide in point of time and the time points derived from the records have been laid off with respect to this crest.
These points have been joined by the dotted lines. Another possible cause of failure of complete superi,mposability is the incompleteness of the analysis of the nerve, only about 30 per cent of the fibers in each of the branches having been measured. In view of the fact, however, that we have another reconstructed saphenous action potential, likewise based on a fiber-size pattern, that has a configuration almost identically the same as the one figured here, it seems unlikely that all of the discrepancy can be attributed to this source.
In any event the differences seem insignificant and, for the reasons given, may be apparent rather than real.
In the case of the saphenous branch, the two curves differ from each other in one striking respect: the record exhibits three waves, the reconstruction but two.
The third wave, labelled 6, is travelling at the rate of about 18 m.p.s.
Its start coincides, in the reconstruction, with the group of fibers measuring 3.0 to 3.5~ in diameter, its crest with the 2.5 to 3.0~ group.
The unmyelinated fibers of the nerve, which are not taken into account in the reconstruction, might very well produce an action potential wave answering this description.
Furthermore, the absence of the 6 wave in the muscle nerve and its presence in the saphenous is consistent with the fact, first established by Sherrington in 1894 and repeat,edly confirmed since, that in skin nerves there are numerous unmyelinated fibers, whereas in nerves to skeletal muscles they take up only a very small part of the transverse section. Without doubt, therefore, it is the unmyelinated fibers that determine the third elevation in the action potential of the saphenous nerve.
It follows from this that the unmyelinated fibers conduct at about the same rate as the myelinated fibers that measure from about 3.0~ in diameter down?
As in the case of the muscle nerve,the recorded time to maximum of the first wave is briefer (by O.%, here) than the reconstructed time. Another exemplar of a comparison of a reconstructed with a recorded action potential of the saphenous nerve will be included because of the clear manner in which it supports the view of a direct relationship between fiber diameter and conduction rate. It is obvious that the longer the 
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JOSEPH ERLANGER nerve the better separated will be the features that develop as a result of differences in axon conduction rates. Figure 4 is a record of the action potential in the saphenous nerve picked up at a point 15 cm. from the site of stimulation.
The conduction rate was about 60 m.p.s. Figure 5 shows the reconstruction at 15 cm. derived from the fiber-size analysis of the saphenous nerve.
The dotted lines join points whose positions, temporally, are the same as in the record; they consequently indicate diagrammatically the configuration of the recorded action potential in relation to the constructed action potential.
The agreement wave for wave is not perfect, but the greatest discrepancy amounts to only 0.2~. Here again, the beginning of the last wave of the recorded action potential coincides with the beginning of the axon action potential in the 3.0 to 3.5~ group of fibers. Whether the notches, nl and n2, that appear in the first large wave are of any significance it is impossible to say. However this may be, we shall for the present regard the first large wave in the saphenous action potential as a unit.
If the muscle nerve and saphenous nerve fiber-size counts were combined (see fig. 2 ) the result would be a diagram, consisting of a continuum of fibers presenting three definite crests, essentially the same in appearance as the diagram obtained through the analysis of the fibers of a mixed nerve (compare, for example, with figure 6 of Gasser and Erlanger (1926) fig. 3 ) produces a three-waved action potential almost exactly the same in appearance and in time relations as the action potential obtained from the tibia1 nerve of the dog (pictured as fig. 14 , B' in a previous publication (1924) ) . 2 It may be concluded, therefore, that the pile of fibers that produces the first wave in the saphenous action potential forms in mixed nerves, such as the tibia1 and sciatic, the second wave.
If, in any given nerve, the designation of the waves is to be based upon homologies, rather than upon the order of their conduction rates, which had been the method heretofore used, it would seem, therefore, to follow that the tibial, the sciatic and presumably the femoral action potentials are composed of alpha, beta, gamma and deZta waves, the saphenous of beta, gamma and delta.
Here may be presented such evidence as we have indicating that in mixed warm-blooded nerve the grouping of fibers that leads to the production of waves in the action potential has a functional significance. Previous work (1926) has shown that the aZpha wave in the sciatic action potential in reality is double, being constituted of two parts, one contributed by the fibers from the motor root, the other by the first of the three or four waves developing in the fibers from the sensory root; these two waves, though, travel at almost exactly the same rates and consequently remain in phase as tlhey move away from the site of stimulation. Present observations, in showing that the a wave of a mixed nerve passes into muscle branches but not into skin branches, indicate that the sensory component of the a elevation is produced by fibers mediating muscle sense. This conclusion bears out Sherrington's finding (1894) that the large sensory fibers of a mixed nerve run to voluntary muscles.
Muscle is endowed not only with muscle sense, but with other senses as well; and Sherrington (1894) has shown that the small fibers of muscle nerves come largely from the posterior roots. We have no means of knowing what may be the range in size of the muscle sense fibers or what the range of the motor fibers. A study of the anterior roots of the bullfrog (see fig. 2 , 1927) makes it clear that the motor fibers range down from 20, certainly to 12 p, and probably to 10 or even 8~. Obviously the motor fibers, and this probably is true also in the case of the muscle sense fibers, extend well beyond the cumulus that they produce in the fiber-size pattern. Furthermore, it is not impossible that the several senses are mediated by fibers whose diameters in each case range between certain, perhaps rather wide, limits, but nevertheless are massed so as to produce, together with t4he motor fibers, the characteristic fiber-size patterns. On the basis of 652 JOSEPH ERLANGER this hypothesis it will be convenient to designate the several senses and the corresponding fibers noncommittally as alpha, beta, gamma and d&a. It is worth noting in this connection that in the fiber-size pattern of the muscle nerve there are only very slight indications of accumulations of fibers in positions corresponding with the two crests exhibited by the saphenous pattern (see fig. 2 ). Possibly this may be taken as evidence that though muscle, like skin, is supplied with the "beta" and ' 'gamma" senses these are relatively feebly developed there. Furthermore, muscle probably is supplied with the sense that is mediated by the unmyelinated fibers (the "deZta" sense), though concerning this we have no direct evidence.
This study of mammalian nerve fails to give any clue to the functions of the beta, gamma and delta sense fibers. It is rather suggestive, however, in view of the general tendency to recognize three groups of skin senses, namely, pressure, temperature (warmth and cold) and pain, that analysis of a skin nerve on the basis of the sizes of its constitutent fibers, discloses three aggregations of fibers. There is considerable evidence, which is reviewed by Ranson (1921) ) indicating that the unmyelinated fibers in the lateral division of the posterior root mediate, among other things, pain. Presumably, therefore, the delta sensory fibers are concerned with pain. On this basis the beta and gamma fibers would remain for the mediation of the touch and temperature senses. We wish to emphasize, however, that this assignment of functions to the four sensory fiber groups apparently contained in mixed nerve is to be regarded merely as tentative.
At this stage of the investigation we can affirm only that the aZpha wave of the action potential of mixed nerve is produced by the larger fibers, and that these are mainly motor and muscle sense in function.
The inferences derived from the foregoing comparison of the histology of the branches of the femoral nerve of the dog with their action potentials are supported and broadened by similar studies on skin nerves of the bullfrog. The nerves crossing the dorsal lymph sac, along with blood vessels and connective tissue, though only 2 to 3 cm. in length, have been found to yield small but perfectly definite action potentials rather constant in configuration. Typically, the records ( fig. 6 ) show two waves, of which the second is higher than the first. The rate of propagation of the wave front ranges in Ohe different preparations between 26 and 35 m.p.s.
The histological analysis of one of these skin nerves is shown in figure 7 . These nerves are exceedingly fine and it was, therefore, convenient to enlarge the section sufficiently (the photograph measured was a 3000 fold \ enlargement) to bring out fairly clearly the very smallest fibers. One enlargernent even the unmyelinated fibers, outlined by could see in the their thin lipoid membranes, though it was not possible to measure them accurately. However, they were count'ed, and have been so placed, as 
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JOSEPH ERLANGER circles in the diagram, as to make a uniform pile with its limits set as accurately as possible in their proper locations. This part of the diagram, therefore, must be regarded merely as a rough approximation. Figure 8 is the action potential reconstructed on the basis of this analysis, taking 19 mm. as the distance of conduction (that is, the distance of conduction obtaining in the case of the action potential shown as figure 7) and 42 m.p.s. as the conduction rate in a 20~ fiber (that is, the usual size of the largest fiber of, and rate of conduction in, the sciatic nerve of the bullfrog).
On the basis of the relation of fiber size to conduction rate, the action potential in the largest fiber of the skin nerve under these conditions should travel at the rate of 29.3 m.p.s., which, as has been seen, is about the usual conduction rate in these skin nerves.
It is a bit faster tlhan the rate at which the ,B wave moves in the sciatic of the bullfrog.
The measured times from the start of the action potential to the significant points on the record have been placed as circles in figure 8 , each at the height of its corresponding point in the reconstruction, and these points have been joined by dotted lines. The very close resemblance of the reconstruction to the record thus is made obvious. As in the case of the femoral nerve, the recorded features here also are just a bit too early. The reconstruction would lead one to expect in the recorded action potential a third wave reaching its maximum about 3.6~ aftler the start. The record gives little, if any, evidence of such a wave; but if there were one, and if it had the same relat!ive height that it has in the reconstruction, namely, about x12 that of the main wave, it scarcely would be discernible in the record.
In tlhe light of the results obtained through the comparison of the action potentials in the muscle and saphenous branches of the femoral nerve, and in view of the relative rates of conduction in the dorsal skin and sciatic nerves of the frog it seems justifiable to conclude that the first wave in the skin nerve of the frog is the homologue of the second or beta wave in the frog's sciatic nerve, and that the skin nerve, like the saphenous nerve, contains the beta, gam'ma and deZta groups of fibers, but not the alpha group.
The greater prominence of the second wave in the action potential of the skin nerve of the frog than in that of the skin nerve of the dog is, of course, the expression of the relatively greater number of fibers in the second pile in the former nerve; but this fact possibly indicat)es that the "gamma" sense is better developed relatively in the frog. Since the skin of the frog is bare, while that of the dog is hair-covered, and since a bare skin probably would be supplied with a greater number of temperature receptors than a covered skin, and since, furthermore, one of the several types of tactile organs is found in association with hair follicles, it seems justifiable to venture the guess that tlhe "beta" sense is touch, the "gamma" sense,
